The synthesis and characterization of organic-inorganic thermoresponsive poly(substituted methylene)s are described. Diazoacetates with oligo(ethylene glycol)-substituted cyclotriphosphazenes were synthesized, and the obtained products were employed as monomers for Pd-initiated polymerization to produce carbon-carbon main chain polymers bearing an oligo(ethylene glycol)-substituted cyclotriphosphazene on every main chain carbon atom. The resulting polymers with densely accumulated oligo(ethylene glycol) units around the polymer main chain showed lower critical solution temperaturetype phase separation in an aqueous medium.
Introduction
Transition metal-catalyzed polymerization of alkyl diazoacetates (N 2 = CHCO 2 R) is an attractive method to prepare carbon-carbon (C-C) main chain polymers [1] [2] [3] [4] [5] . In contrast to widespread vinyl polymerization, which constructs the carbon-carbon main chain from two carbon units derived from a vinyl group, polymerization of alkyl diazoacetates constructs the main chain from one carbon unit in conjunction with N 2 release from the monomer in each chain-growth step, giving polymers bearing an ester substituent at every main chain carbon atom [poly(substituted methylene)s]. Diazoacetates with various functional groups can be used as monomers for polymerization, and the resulting polymers are expected to and have been indeed demonstrated to possess unique properties due to densely accumulated functional groups around the main chain [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , compared to the corresponding vinyl polymers [i.e., poly(meth)acrylates].
Recently, we found that by introducing sterically bulky substituents, the polymerization initiated with π-allylPdClbased systems proceeds in a controlled manner, affording polymers with a narrow molecular weight distribution (MWD) and block copolymers with a well-defined structure [8, 13] . As a bulky substituent, cyclotriphosphazenes [22] [23] [24] are effective, yielding a new class of organic-inorganic polymers with a C-C main chain and narrow MWD (Scheme 1). Furthermore, the hierarchical self-assembled nanostructures of the cyclotriphosphazene-containing block copolymers have been investigated in detail by means of wide-angle X-ray diffraction, small-angle X-ray scattering, and scanning tunneling electron microscopy [13] . Another advantage of the use of cyclotriphosphazenes is that five units of various functional groups (-OR in Scheme 1) can be introduced as substituents on their P-atoms to impart a variety of properties to the resulting polymers. In a previous report, we synthesized and polymerized diazoacetates with ethoxy-, 2,2,2-trifluoroethoxy-, and phenoxy-substituted cyclotriphosphazenes (1-3, Scheme 1) [8] , and revealed that the polymerization behavior of these monomers and thermal stability of the resulting polymers were affected by the type of these substituents.
In this work, we tried to introduce oligo(ethylene glycol) chains to the cyclotriphosphazene, expecting that we could obtain water soluble and/or thermoresponsive polymers, where the C-C main chain is densely surrounded by oligo (ethylene glycol)-substituted cyclotriphosphazenes. The combination of each component [organic polymer main chain, inorganic cyclotriphosphazene, and hydrophilic oligo (ethylene glycol)] could lead to unique properties as functional polymeric materials. We will report the preparation of the monomers [oligo(ethylene glycol)-substituted cyclotriphosphazene-containing diazoacetates (4 and 5, Scheme 1)] and their polymerization behavior. In addition, we examined the temperature-responsive behavior of the resulting poly(substituted methylene)s with densely accumulated oligo(ethylene glycol)s around the polymer chain. To the best of our knowledge, this is the first example of the synthesis and characterization of organic-inorganic thermosensitive poly(substituted methylene)s.
Results and discussion
Oligo(ethylene glycol)-substituted cyclotriphosphazenes (4 and 5) were newly prepared utilizing reported methods for phosphazene modification and diazoacetylation (see Supporting Information), and their polymerization was carried out using π-allylPdCl-based initiating systems [25] , which have been demonstrated to be effective for polymerization of diazoacetates with an ethoxy-(1), 2,2,2-trifluoroethoxy-(2), and phenoxy-(3) substituted cyclotriphosphazene to give well-defined polymers with a narrow MWD [8] . The results are summarized in Table 1 along with the representative data for polymerization of 1-3 from our previous publication for comparison [8] . As shown in run 1 in Table 1 , when 4 was reacted with π-allylPdCl alone in a [4] /[Pd] ratio of 50 at −20°C, a polymeric product was obtained with 20% yield, and the SEC-estimated M n (number-average molecular weight) of the product was 9900. The addition of NaBPh 4 as a cocatalyst resulted in not only an increase in polymer yield but also a decrease in the M w /M n value of the resulting polymer (run 2, M n = 10,000, M w /M n = 1.21, yield = 42%); a similar trend has also been observed in the polymerization of 1 [8] . The M n increased with an monomer feed ratio increase to [4] /[Pd] = 100 (run 3, M n = 14,100), while further increasing the ratio to 200 did not affect the polymerization results (run 4, M n = 14,700). The comparison of M w /M n values of the polymers suggests that the polymerization of 4 with a relatively high monomer feed ratio ([monomer]/[Pd] > 100) proceeded in a less controlled manner than that of 1-3 (run 3 vs. runs 6-8), even though 4 has a larger substituent than 1. The polymerization of 5 with a longer oxyethylene unit length was conducted with the same initiating system in a [5] /[Pd] ratio of 50 at −20°C, giving a narrow-MWD polymer (M w /M n = 1.09) with a lower M n with a lower yield than those in the polymerization of 4 (run 5).
Unfortunately, the above-described polymerization results indicated that the introduction of oxyethylene substituents into the cyclotriphosphazene brought about less controlled polymerization behavior with respect to the yield and MWDs of the products. Indeed, for most runs of the polymerization of 4 and 5 in Table 1 , we observed the presence of significant amounts of a dimer resulting from C = C formation of the monomers and an unreacted monomer. While dimer formation is a commonly observed side reaction for diazoacetate polymerization, the presence of unreacted monomers along with the broad MWDs of the products suggests that the polymerization would be terminated before complete conversion by contaminated H 2 O, which could not be thoroughly removed from the highly hydrophilic oxyethylene-containing monomers. The polymer structure was confirmed by 1 H and 31 P NMR analyses. In the 1 H NMR spectrum of P4 (Fig. 1) , the signal at 4.8 ppm for a proton attached to the diazo-bearing carbon in the spectrum of 4 almost completely disappears, and signals assignable to the repeating unit structure of P4 appear as broad peaks; the signal for main chain methine protons, which should appear as a broad peak at~3-4 ppm, overlaps with other signals. The comparison between the 31 P NMR spectra of monomer 4 and polymer P4 enables us to conclude that no undesirable reactions, such as ringopening of the cyclophosphazene units, occurred during the Pd-initiated polymerization (see Supporting Information).
The water solubility of the obtained polymers was examined to reveal that both P4 and P5 show lower critical solution temperature (LCST)-type phase separation in an aqueous medium, as is the case with other oligo(ethylene glycol)-containing polymers [9, [26] [27] [28] [29] [30] [31] [32] [33] . Figure 2a shows the temperature dependence of the transmittance for a 1.0 wt % aqueous solution of P4 (M n = 10,000, M w /M n = 1.21). The solution was transparent at room temperature but turned opaque at~47°C upon heating. The cloudy solution became clear again without significant hysteresis when the temperature decreased. As shown in Fig. 2b , the transition for P4 with a higher M n (M n = 14,700, M w /M n = 1.51) was observed at a lower temperature of ca. 35°C (the cloud point, which is defined as the temperature at which the transmittance of the aqueous polymer solution is reduced by 50%); such M n -dependence of the cloud point has generally been observed for this type of thermoresponsive polymer [26, 27] . In addition, the temperature range for the transition is obviously wider for a solution of P4 with a higher M n (~30-38°C, ΔT = 8°C) in Fig. 2b than that with a lower M n (ΔT = 1°C) in Fig. 2a . Considering the M n dependence of the cloud point [26, 27] , the broader temperature range for the transition observed in Fig. 2b should be attributed to the polymer's broader MWD. Meanwhile, the phase separation temperature generally varies depending on not only the molecular weight of the polymers but also the polymer concentration [26, 27] . Fig. 2c shows the relationship between cloud points and polymer concentrations for P4 with M n = 14,700. We can clearly observe that the cloud points increase with decreasing concentration; the behavior is also normally observed for oligo(ethylene glycol)-containing thermoresponsive polymers.
For comparison, we prepared a vinyl polymer counterpart of P4 and investigated its LCST-type phase separation behavior (Fig. 2d) ; a 1.0 wt% aqueous solution of P4v (M n = 8800) with the same side chain as P4 showed solubility transition at~32°C on both heating and cooling, which is significantly lower than that of P4 with a similar M n (M n = 10,000, 47°C on heating). The disparity between their cloud points could be attributed to the difference in density of the oligo(ethylene glycol) units; the hydrophilicity of P4 is enhanced by the densely accumulated oligo(ethylene glycol)s around the polymer backbone, resulting in a higher cloud point. A similar phenomenon has Table 1) been observed in our previous studies [7, 9] , where we have synthesized hydrophilic poly(alkoxycarbonylmethylene)s, in which the alkoxy groups are hydroxyalkyloxy [HO(CH 2 ) m O]and oligo(ethylene glycol) [CH 3 O(CH 2 CH 2 O) n ]-chains, and investigated their LCST behavior by comparison with the corresponding vinyl polymer counterparts. Finally, we investigated the cloud point of an aqueous solution of P5 with a longer oxyethylene unit length ( Fig. 2e ). The cloud point of a 0.50 wt% aqueous solution of P5 (M n = 7,000, M w /M n = 1.09) was~90°C, which was much higher than that of P4, clearly indicating the higher hydrophilicity of P5 because of its longer oxyethylene chains. The thermoresponsive behavior described above (M n , concentration, and oxyethylene unit length dependence on the phase separation temperature) is typical for other oligo (ethylene glycol)-based polymers with LCST-type phase separation [9, [26] [27] [28] [29] [30] [31] [32] [33] .
Conclusions
In conclusion, we have successfully synthesized a new type of organic-inorganic thermoresponsive poly(substituted methylene)s by Pd-initiated polymerization of oligo(ethylene glycol)-substituted cyclotriphosphazene-containing diazoacetates and investigated their LCST-type phase separation behavior in an aqueous medium. The polymers obtained here have a unique architecture, where a highly rigid poly(substituted methylene) framework is densely surrounded by inorganic cyclotriphosphazene units containing five hydrophilic oligo(ethylene glycol) chains. This intriguing architecture can only be realized by the polymerization of diazoacetates, and thus, the results described in this paper demonstrate the significance of the polymerization as a general method for polymer syntheses. Further study on the development of new functional materials with more elaboration, such as amphiphilic or thermoresponsive block copolymer syntheses, is underway in our laboratory. 
